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The application of scanning transmission electron microscopy for morphological observation of anodic
oxide ﬁlms formed on titanium has been successfully explored. Important details of anodic ﬁlms are
readily recorded from high quality images by scanning transmission electron microscopy, which enabled
the study of the ﬁlm morphology, identiﬁcation of ﬁlm thickness and the presence of oxygen bubble
features. By combining the large ﬁeld of view with ﬂexible magniﬁcation ranges in the scanning trans-
mission electron microscopy, it was possible to study the morphology of the oxide ﬁlm. A 6-specimen
carousel holder would provide an increase in productivity by ~20% compared with a conventional,
single-specimen scanning transmission electron microscopy or transmission electron microscopy.
© 2015 Elsevier Ltd. All rights reserved.The use of anodized titanium in an increasing range of appli-
cations has resulted in a growing demand for detailed information
on the morphology of the anodic ﬁlms in order to derive crystalline
structure e property correlations. In the microstructure analysis of
anodic oxide ﬁlms, the structure and occurrence of oxygen evolu-
tion are examined to precise a deep understanding of the coating
performance. This is also critical for optimization of the titanium
surface and processing conditions for speciﬁc requirements in the
aerospace industries [1e3].
Transmission electron microscopy (TEM) is the most frequently
used technique for the study of the morphology of thin ﬁlm coat-
ings. The TEM technique, however, presents some limitations: the
equipment is expensive; the analysis is time-consuming and is
somewhat skill-intensive. Recently, some publications have re-
ported the value of the scanning transmission electron microscopy
in scanning electron microscopy (STEM-in-SEM) technique in the
areas of mineralogy and petrology [4], semiconductors [5], nano-
materials [6,7], polymers and catalysts [8]. The STEM-in-SEM has
been shown to be a rapid and easy method for characterization of
the morphology and the internal structure of mineral and rock
specimens, and it was shown to be particularly useful in microbi-
ology research [9]. In addition, an exhaustive high-resolutionSTEM-in-SEM study of laser-machined silicon structures was car-
ried out to characterize defects in the crystal lattice, thermal-
mechanical damage, internal structure, compositions, and di-
mensions of the laser-machined structures [10].
However, according to the authors' knowledge, studies of anodic
oxide ﬁlm growth on titanium using an STEM-in-SEM technique
have not been reported in any previous research. Thus, in the
present work, the application of STEM-in-SEM to anodic oxide ﬁlms
formed on titanium is demonstrated. Some examples of anodic
ﬁlms formed on titanium are presented, with emphasis on the ﬁlm
morphology and oxygen bubble features etc., which are routinely
probed by TEM.
A Zeiss Ultra 55 scanning electron microscopy, equipped with a
scanning transmission electron microscopy detector was used in
the present study. The schematic diagrams of Fig. 1 show a 6-
specimen carousel holder and its rotation direction. Within the
SEM chamber, the STEM detector unit consists of the detector and
an extension arm for the adjustment of the X, Y and Z directions.
The extension arm also carries the detector back and forth between
a “rest” position and an “active” position when imaging. In the
“active” imaging mode, the 6-specimen carousel holder is used and
the STEM detector is perfectly aligned. In the “rest” mode, the de-
tector is “parked” away by simply retracting the detector to a safe
distance. Also, if the detector is not “parked” away, the joystick
function is used to freeze it during the “active” mode in order to
protect the STEM detector and, when in the “rest” mode, the
Fig. 1. Photo inside the SEM chamber corresponds to the schematics of the top view of parts (A), (B) and (C), represent for STEM detector, detector extension arm and carousel
holder; The 6-specimen carousel is aligned with the electron column; the STEM detector is controlled with the detector arm to back and forth, and the adjustment of X, Y and Z
directions; the imagining is ready after the working distance is set for both carousel holder and STEM detector.
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holder. STEM-in-SEM evaluations were conducted at an operating
acceleration voltage of 30 kV in order to improve the electron
penetration and the brightness of the source with an optimized
working distance of 4 mm.
99.9% pure aluminium foils, of dimensions of 4.0  2.0 cm, were
electropolished at 20 V for 3 min in a 4 to 1 by vol. mixture of
ethanol/perchloric acid at a temperature of 278 K. After electro-
polishing, the specimens were rinsed in ethanol and deionized
water, and dried in a cool air stream. DC magnetron sputtering was
carried out on electropolished aluminium substrates using an Ox-
ford Applied Research system, with a 99.6% titanium target of
50 mm diameter. The system was ﬁrst evacuated to a vacuum
condition of 1  107 Pa, with subsequent deposition from the ti-
tanium source at 300mA in a 99.99% argon atmosphere at 0.5 Pa for
60 min, and a sputter-deposited titanium layer of ~120 nm thick-
ness was obtained. The ﬁnished specimens were masked with
lacquer 45 to leave an exposed region of dimensions of 1.0  1.0 cm
for the subsequent anodizing treatment. Individual specimensFig. 2. Scanning electron micrographs in SE mode (a) and STEM mode (b) at very low magn
was used to identify the location of the titanium sections on the grid.were anodized at 50 V in 1 M phosphoric acid for 900 s with
continuous stirring at ambient temperature. A sheet of pure
aluminium, of size 8  10 cm, was used as the cathode. The current
density e time response was recorded electronically, employing a
Labview data acquisition system (National Instruments). After
anodizing, the specimenwas rinsedwith deionizedwater and dried
in a cool air stream. In order to generate thin transparent speci-
mens, a nominally 15 nm thickness of the specimen was prepared
using a Leica EM UC7 instrument of ultramicrotomy at a cutting
speed of 0.15 mm s1. The section slices were ﬂoated on water
behind the diamond knife, and collected on standard TEM mesh
copper grids.
Fig. 2 compares images of the ultramicrotomed sections in the
SE mode and STEM mode at a very low magniﬁcation. The differ-
ence in contrast between these selected two modes is evident. It is
known that the SE mode detection is operated by secondary elec-
trons emitted by atomswhich are excited by the electron beam [11].
Then, by scanning the specimen and detecting the secondary
electrons, an image displaying the topography of the surface isiﬁcation located at the ultramicrotomed sections on a copper supported grid. SE mode
Fig. 3. Current density-time response for anodizing of titanium at 50 V in 1 M H3PO4
for 900 s at ambient temperature. The inset graph shows the initial stage of current
density-time response up to 60 s.
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illumination scheme, the electrons pass through a sufﬁciently thin
specimen. STEM focuses the electron beam into a narrow spot,
which is scanned over the specimen in a raster [12]. Thus, the image
created in the SE mode (Fig. 2a) is basically for identifying locationsFig. 4. Scanning electron micrographs at different modes and different magniﬁcations of an
50 V in 1 M H3PO4 for 900 s at ambient temperature, a magniﬁcation at 306 kX for a), Inlens m
and e), a higher magniﬁcation at 500 kX in STEM mode.of the anodized titanium specimens; then, the STEM mode is used
for further detailed information (Fig. 2b).
The current density e time response during anodizing at 50 V
for 900 s is shown in Fig. 3. The magniﬁed inset graph shows that
the anodizing was initiated after ~2 s due to the operation delay;
the current density decreased rapidly from an initial relatively
high value after the time of ~3 s. The signiﬁcant current drop was
reduced gradually after ~10 s, which corresponded to the growth
of a barrier oxide layer on titanium in the phosphoric acid. After
~75 s, the current density slightly increased, followed by a steady
status of the current since ~150 s, is revealed. A current density of
~5.0  103 A cm2 was maintained at 900 s. The anodized
sputtering titanium in the Inlens and SE modes is shown in Fig. 4a
and Fig. 4b respectively. The titanium layer and the anodic ﬁlm are
not distinguishable, except that the aluminium substrate can be
observed. One of the details obtained from the scanning trans-
mission electron micrograph (Fig. 4c) is the thickness of the anodic
ﬁlm, 100 ± 10 nm is revealed as a growth rate of ~2 nm V1. The
oxygen bubbles present within the anodic ﬁlms can be also
observed within a size range ~5e30 nm. It is displayed that the
ﬁlm thickness, and the oxygen bubbles originated from oxygen
evolution occurred during anodizing, probed routinely by TEM,
can also be characterized using the STEM-in-SEM mode, and the
image contrast is better than the Inlens and SE modes in SEM.
Further, the large ﬁeld at ﬂexible magniﬁcation ranges from very
low to very high, is also an important advantage for the STEM-in-
SEM. At a relatively low magniﬁcation (79 kX), the uniform anodicodic oxide ﬁlm formed on sputter-deposited titanium after potentiostatic anodizing at
ode, b), SE mode and c), STEMmode; d), a lower magniﬁcation at 79 kX in STEMmode
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observed (Fig. 4d). At a relatively high magniﬁcation (500 kX), the
feature of the development of oxygen bubbles within the ﬁlm is
shown clearly. Moreover, the ﬁndings from the STEM-in-SEM
observation conﬁrm that the amorphous-to-crystalline transition
occurred during ﬁlm growth on titanium in the phosphoric acid
electrolyte during the initial stages of anodizing, and the nucle-
ation of nanocrystals was induced, producing an increase in elec-
tron conduction [13]. Further, oxygen-ﬁlled voids were developed
in the different regions of the oxide ﬁlm, and the bursting of the
oxygen gas due to the unbalance between the internal pressure
and the electrostriction force would trigger the rupture of the
anodic oxide ﬁlm and lead to the formation of oxygen bubble
features. Such ﬁndings are consistent with previous studies
[13e17]. On the other hand, it has been reported [13] that anod-
izing could be operated with a combination of potentiodynamic
and potentiostatic polarizations instead of applying a constant
voltage directly; consequently, it would be interesting to use the
STEM-in-SEM technique to investigate such anodic oxide ﬁlms
formed on titanium for the requirement of the fast speed analysis
in the future.
The main highlight of STEM-in-SEM over TEM is its suitability as
the ideal equipment for environments that demand rapid
morphological analysis of specimens in large numbers at low cost.
Such is the case in a typical production environment of anodic
coatings on titanium, where morphological parameters can be
monitored and critically controlled as quality control factors in the
manufacturing processes as well as research purposes. Practically,
extensive morphology analysis to such an extent is not carried out
even in the most advanced processing plants, since it indeed is not
carrying out TEM analysis in large numbers and with rapid turn-
around. However, the situation can be simpliﬁed using STEM-in-
SEM. As found earlier, it is possible to conduct high throughput
by STEM-in-SEM imaging in an industrial environment. In such
work, the single-specimen STEM has been re-designed to embrace
a carousel system, which can handle up to 6 specimens simulta-
neously. The throughput of the system is therefore considerably
higher than a TEM, or an STEM using a conventional single spec-
imen holder. Most of the commercial SEM suppliers now offer
STEM as an attachment, with the capability to handle up to six
specimens or more. The use of the multi-specimen carousel has
enabled remarkably higher equipment productivity and better
utilization of operator time.
The estimation of the time saving from deployment of the
STEM-in-SEM carousel in comparison with a single-specimen sys-
tem was derived from careful analysis of the steps involved in the
STEM-in-SEM process, and comparison with a TEM. Steps involved
can be divided into the following two main stages; (1) specimen
preparation involves the standard ultramicrotomy approach to
prepare TEM sections; and (2) imaging involves loading the spec-
imen holder into the microscope, STEM-in-SEM unit on the SEM
specimen holder, evacuating the chamber until the required vac-
uum level is achieved, locating the region of interest and acquiring
images of relevant features and, ﬁnally, removing the specimen.
While both steps are common for TEM and STEM-in-SEM, but were
optimized in terms of speed and quality, major differences were
shown in productivity which was estimated between the two
techniques when the 6-specimen carousel holder was designed for
the STEM-in-SEM. It is estimated that the time saving per specimen
resulted in a 20% increase in imaging productivity compared with
TEM imaging. An added beneﬁt of the carouse holder is that itcontributes to increasing the lifetime of the equipment by limiting
the number of occurrences of pumping and venting cycles, and by
limiting ﬁlament warm-up for TEM.
An STEM-in-SEM system with a 6-specimen carousel allows
straightforward analysis of the anodic oxide ﬁlm coatings on tita-
nium in terms of quality of information, with a remarkable
improved speed of analysis. This makes the STEM-in-SEM a very
practical and affordable alternative to TEM analysis, especially in
industrial environments for the morphology characterization of
anodic coatings. Further, STEM-in-SEM provides imaging at a large
ﬁeld with ﬂexible magniﬁcation ranges from very low to very high.
Therefore, the whole anodic ﬁlm thickness generated on titanium,
the crystalline structure and the oxygen bubble features originating
from the oxygen evolution during anodizing can be clearly identi-
ﬁed and analyzed by the STEM-in-SEM technique.
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